Absfracf-In this paper, we present an efficient algorithm for overthe-cell routing in the standard cell layout design technology. Two variations are discussed: one aims to minimize the channel density with fewest tracks over the cells while the other aims to minimize the final channel width. Our algorithm can fit both the two-layer and threelayer routing models. With the two-layer model, there is a single routing layer over the cells for intercell connections. While with the threelayer model, there are two disjoint routing layers over the cells for intercell connections. In our approach, we decompose the problem into two phases: (1) over-the-cell routing and (2) conventional channel routing. The over-the-cell routing phase, which is executed iteratively, consists of two steps, routing over the cells and choosing net segments within the channel. For each iteration in the over-the-cell routing phase, our algorithm removes a net or a subnet which intersects the column with highest column density and route it over the cells according to some prioritized criteria. In comparison with the previous researches, our approach achieved the best effectiveness and has used the least CPU-time. On the average, the execution speed of our router is 163 and 4163 times faster than that of [8] and [9], respectively. Besides, our algorithm can produce results comparable to those produced by the WISER algorithm [lo].
I. INTRODUCTION
Obtaining smaller chip size is always an important goal in the automatic layout design of VLSI circuits. In general, a large portion of the chip area is reserved for channel routing. In view of this, in the last decade many researchers have made efforts to reduce the number of tracks used in the channel to complete the net connections. Many good algorithms such as [1]- [4] have been proposed to solve the problem. With the progress in semiconductor fabrication technology, more routing layers are now available for interconnections in the layout design. As a result, several variations to the channel routing problem have emerged in recent years, among them include multi-layer channel routing and over-the-cell (OTC) channel routing.
In this paper, the idea of utilizing the routing area over the cells for interconnections to further reduce the channel width for the standard cell layout design style is discussed. This kind of routing that uses the extra routing area over the cells, adjacent to the channels, has been adopted by several routers [5] - [12] . These routers, Manuscript received April 17, 1992. This work was supported in part by the National Science Council, Republic of China under Contracts NSC 81-0404-EOO9-525 and NSC 81-0404-E009-129. This paper was recommended by Editor M. Marek-Sadowska.
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called OTC channel routers, in most cases complete the interconnections with fewer tracks in the channel as compared to traditional channel routers since the channel density can be reduced by routing some connections over the cells. Three layout models for the physical standard cell design using one layer of polysilicon and two layers of metal were presented in [7] . These general models, widely used in the industry for standard cell design were used in [5]-i10]. In order to verify the effectiveness of our algorithm, we follow [8] and [9] using the two and a half layer routing technology. Apparently, under this layout model, there is only one extra layer that can be used for routing over the cells; therefore, we are only allowed to perform single layer planar routing on the area over the cells. This model reserves the first metal layer (Ml) for intra-cell connections; and uses the second metal layer (M2) for routing over the cells. Clearly, the number of tracks available over the cells is fixed since the cell height is limited. Recently, [ l l ] and [12] proposed a new model with three layers for OTC channel routing. Accordingly, we have extended our algorithm to handle the three-layer model. We also assume that vias are not allowed on the area over the cells for this routing model. We can only select two planar sets of net segments to be routed over the cells; one on M2 and the other on M3.
It is well known that the OTC channel routing problem is NP-hard; therefore, many heuristic algorithms have been presented over the past. A common approach in the OTC channel routing problem is to divide the problem into following three steps and solve them independently: 1) routing over the cell; 2) choosing net segments in the channel;
3) routing in the channel.
The authors of [8] solved the problem in the first step by finding a maximum independent set of all the nets on one side of the channel to be routed over the corresponding row of cells. It was based on the assumption that the larger amount of nets being routed over the cells, the easier the routing can be accomplished in the channel. This approach does not consider the congestion in the channel when deciding which net is to be routed over the cells, hence it may only result in slight reduction in the channel density as indicated in [9] . Clearly, in selecting the net segments to be routed over the cells, the precedence should be given to those intersecting the columns whose densities are highest; otherwise, the channel density will not be reduced. This is illustrated in Fig. 1 . Suppose before routing over the cells, column c has the highest column density which is equal to the channel density. In order to find a maximum independent set among n , , n2, and n3 without causing any circuit violation, n l and n2 may be chosen instead of n3. However, only n3 intersects column c. In this case, the channel density remains and, as a result, the removal of nets n , and n2 from the channel does not contribute to the reduction in channel density. From this observation, the authors of [9] indicated that only the removal of critical nets contributes to the reduction in channel density. Therefore they transformed the OTC channel routing problem into a constrained covering problem and formulated it as an integer linear program- For finding the maximum independent set among nets n,, n2, and n, nets n, and n, are chosen while n* is sacrificed. However. column c has the highest column density.
ming problem. They showed that their approach reduced more channel densities while using fewer tracks over the cells.
The main drawback of the integer linear programming formulation is its computational inefficiency. It remained as an open question whether if there is any efficient algorithm to solve the problems in the first and second step optimally. Different from previous approaches, our algorithm solves the first and second problems in a single iterative procedure which will be described in Section 111. After routing some segments of a net over the cell and choosing a proper subset of its terminals for connection in the channel, our algorithm begins the phase of routing in the channel. Certainly, any conventional channel router can be used in this phase.
We have developed two variations to our algorithm: OTC-I and OTC-11. In brief, OTC-I stops its attempt to move net segments to area over the cells once a net segment at the columns with highest column density cannot be moved. On the other hand, OTC-I1 continues to select net segments intersecting the critical columns and route them over the cells until none can be moved. The latter variation follows the assumption of [SI to leave lesser net connections in the channel so that in the final phase, routing in the channel, less tracks may be required. Our experiments have verified the correctness of this assumption.
We compared our algorithm with the test examples used in [SI and [9]. The results verified that our OTC router is very much faster than the previous two algorithms and is able to produce comparable final channel densities. In order to compare the effectiveness of our algorithm, we also conducted experiments using test examples from [lo] . The algorithm proposed in [IO] makes use of the vacant terminals to produce better OTC channel routing results. The experiments show that our algorithm can produce routing results comparable to those presented in [lo] . These experiments are described in Section IV.
PRELIMINARIES
In the two layers routing model, we assume that there is only one routing layer over the cells that can be used for intercell connections. The three layers routing model, vias between M2 and M3 may or may not be allowed over the cells depending on the fabrication process. In this paper, we shall assume that vias over the cells are not used. Considering the fixed cell height, we further assume that there are six tracks on M2 and 7 tracks on M3 available over the cells for routing. In our algorithm, we decompose the problem into two phases: the OTC routing phase and the channel routing phase. The OTC routing phase includes two steps, viz. routing over the cells and choosing net segments.
The input of the OTC channel routing problem is two rows of terminals namely the top terminals, TOP, and bottom terminals, BOT. Each terminal is assigned a net number. All terminals with the same net number must be connected except the vacant terminals which are assigned with number 0. Two terminals n.i and n.j of net n are adjacent if there is no other terminal of net n located between column i and column j on the same row. We shall call each pair of adjacent terminals a candidate since it has a chance to be connected over the corresponding row of cells.
For convenience, we divide the entire routing channel into columns and we define the net interval of a net to be a horizontal segment which is specified by its leftmost and rightmost columns. Under the two-layer H-V routing model, distinct nets whose horizontal net intervals intersect a same column i must be assigned to different tracks at column i . We can scan every column on the routing channel from left to right, to construct the corresponding horizontal net interval. The net interval covers all its terminals and for each terminal there is a corresponding endpoint (via) on the net interval from which we may direct a vertical wire to the location of that terminal if it does not violate the vertical constraints. Thus, the net interval of a net can be divided into several pieces of horizontal connection intervals intersected by each other only at their endpoints. Accordingly, we define a connection interval to be a horizontal interval representing the partial connection which is routed within the channel. Furthermore, the length of a connection interval is zero when both its corresponding terminals are located on the opposite sides of the channel at the same column. We define the column density d ( i ) of column i as the number of different nets that have at least one and at most two connection intervals (in the case of zero length intervals), intersected by column i . The channel density D is equal to max ( d ( i ) ) and those columns whose column densities are equal to the channel density D are called critical columns. As an illustration, Fig. 2 shows all the connection intervals and the column densities in a channel.
Whenever part of the connections of a net has been moved from the channel to the routing area over the cells, the connectivities of that net must be reconsidered. It is essential to select a proper subset from those already connected terminals to be further connected with others in the channel such that the channel density is minimized. Such selection is done in the net segments selection step which will be described in Section 3.4. Now, we define a hyperterminal of a net as a set of terminals that have been connected by wires in the OTC routing area on one side of the channel. In the beginning, every single terminal on either side of the channel is a hyperterminal. In other words, initially, every hyperterminal contains only one element. The more the terminals are connected in the area over the cells, the more the elements a hyperterminal has. The total number of hyperterminals of a net is decreased by one for each merging operation as shown in Fig. 3 .
To complete the net connectivities in the channel, we only need to consider the possible net segments connecting all the hyperterminals of a net instead of connecting all its terminals. A net seg- ment is a set of two terminals that belongs to different hyperterminals of the same net. As shown in Fig. 3 , when two hyperterminals of a net are merged into one by routing the corresponding net segment over the cells, we need to find a minimum proper subset of all the relevant net segments again for connection in the channel. Finally, after the OTC routing phase has been completed the remaining connections can be solved by a conventional channel router in the second phase.
THE OTC ROUTING PHASE
To reduce the channel density, we must reduce the density of every critical column. This can be achieved by removing some net segments at the critical columns and route them over the cells. Such a task is handled by the first step of the OTC routing phase, i.e., routing over the cells. The second step of the OTC routing phase is choosing net segments within the channel. Before activating the OTC routing phase, we have to calculate the density for each column to identify all the critical columns.
Identification of the Initial Connection Intervals and the Candidates
To begin with, the initial connection intervals for each net must be identified before we can compute the column density at each column. Suppose there are N nets in a given channel 6 (TOP, BOT) with c columns, and the ith net has ki terminals, then .EY= I kj I 2c, since some terminals may be vacant. As such, the total number of initial connection intervals in 4 is bounded by
(3.1)
After the determination of the highest density columns, we identify all the candidates for routing over the cells. For illustration purpose. Fig. 4 shows the candidates for the initial connection intervals in Fig. 2 . For the N nets in channel 6 the total number of candidates, x is bounded by
It can be shown from the above that identification of the corresponding initial connection intervals and candidates can be done in Q(c) time. Note also that the OTC routing phase is executed at most 2c -N times. 
Two OTC Routing Algorithms, OTC-I and OTC-I1
In each iteration of the OTC routing phase our OTC routing algorithms identify those candidates that are intersected by the critical columns and choose the proper one among them to be routed over the cells. In our approach, routing over the cells and choosing net segments within the channel may change the density of a column. It is clear that if there is any critical column on which none of the candidates can be routed over the cells, then the channel density will not be reduced any further by the effect of routing over the cells even if there are some other critical columns whose densities can be reduced.
On the other hand, intuitively, the fewer the nets is left within the channel, the simpler the subsequent routing in the channel will be. Based on these two observations, we have designed two algorithms, OTC-I and OTC-I1 for OTC routing. They differ from each other only at their ending conditions. The objective of the first algorithm, OTC-I is to complete the routing over the cells and obtain a minimum final channel density using as few tracks over the cells as possible. Therefore, it terminates the OTC routing phase once there exists any critical column on which none of the candidates can be routed over the cells under the planarity constraint. In other words, this algorithm will check all the critical columns to make sure that every one of them intersects at least one candidate which can be routed over the cells. The second algorithm, OTC-I1 continues its iterations of the OTC routing phase until no more candidates can be routed over the cells. For each iteration of this algorithm, if the considered column intersects none of the candidates that can be routed over the cells, then it is marked and will not be considered any more in the subsequent iterations. When all the columns have been marked, then the OTC routing phase will terminate.
Routing Over the Cells
3.3.1.Candidate Selection-Let S ( i ) be the set of the candidates that are intersected by column i . For a critical column c, in order to make the decision on which element in S(c) is the most suitable for routing over the cells, we specify some criteria with different priorities to evaluate all the possible candidates. First of all, the chosen candidate must result in a valid planar routing on either M2 or M3 over the cells. Those candidates that violate the constraint of planar routing on both M2 and M3 can be deleted from S(c) during the evaluation. Two relations are defined to help deciding whether the considered candidates can be routed over the cells. We say that two candidates s1 and s2 have either the overlapping relation V or the covering relation A, if they satisfy the following conditions. Let ab be the candidate with endpoints a and b. We denote s1 and s2 as albl and a2b2 respectively. If a, < a2 < b, < b2 or a2 < al < b2 < b,, then sI V s2. That means sI and s2 are over- lapping each other as shown in Fig. 5(a) . On the other hand, if a, < a2 < b2 < b, or a2 < a , < b , < u2, then s, A s2. That means s, is covering s2 or vice versa as shown in Fig. 5(b or LM3(i), because these two-terminal nets with relation A can be safely routed over the cells by using different tracks on the same layer. We define a covering set, C M l ( i ) as the set of the two-terminal nets in LMI(i) such that there exists a covering relation between every two elements. It is easy to show that given a channel 4 with c columns, it takes O(c) time to decide if a candidate is routable over the cells.
There can only be at most six tracks on M2 and seven tracks on M3 over either side of the channel for OTC routing. Routing over the cells involves the track assignment process which can be easily done as the following. Firstly, the tracks in the OTC routing area of the upper (lower) row of cells are numbered 1-6 on M2 and 1-7 on M3 from the bottom (top) to the top (bottom). For each element in CMl(i), we process the tracks in ascending track number order. The smaller the span of a two-terminal net in CMj(i), the smaller the track number is assigned to it. Since the number of tracks is fixed and the candidates are enumerated and considered from left to right, this assignment for a selected candidate has a constant complexity order. An example of the track assignment is shown in Fig. 6 .
For each iteration of the OTC routing phase, in order to find a proper candidate among the remaining valid candidates in S(c) to be routed over its corresponding row of cells, we introduce the following weights: span density (a), overlap ratio ( p) and average density (7). The span density of a candidate E in S ( c ) , a(€) is equal to the highest column density of some column (except column c ) within the coverage of its span. Suppose that candidate E is on side i. All the candidates on side i are grouped into a set, T ( i ) . The overlap ratio of candidate E , P ( E ) is a value obtained by dividing the number of the candidates in T ( i ) that have relation V with E by ( T ( i ) ( . The average density of candidate E , Y(E) is an average of all the column densities that belong to those columns within the coverage of its span. With these weights, we select the candidates according to the following criteria: 
Lower Cells
1) the candidate with maximum a is selected; 2) in case of tie in (l), the one with minimum / 3 is selected; 3) in case of tie in (2), the one with the largest span is selected; 4) in case of tie in (3), the one with maximum y is selected.
The first criterion, suggests that a candidate with larger span density has a higher urgency to be routed over the cells. For the second criterion, the smaller the overlap ratio of a candidate, the more chances the others have for being routed over the cells in the subsequent iterations. Both the third and fourth criteria are based on the same reason as that of the first criterion. From (3.2) and the above discussion, the following theorem is easily established. After hyperterminals h, and h2 have been merged, the total number of hyperterminals of net n is decreased by one. From now on, the required connections among all the hyperterminals of net n must be reconsidered. As a result, the original connection intervals of net n as well as the column density, d ( i ) of each affected column i, have to be updated. The modification of the column density for all the affected columns can be done in linear time since the connection intervals of a net are intersected by each other only at their endpoints. The new connection intervals of net n are reconstructed in the second step of the OTC routing phase, choosing net segments within the channel.
Net Segments Selection
After routing a candidate over the cells for net n in the first step of the OTC routing phase, a new set of hyperterminals of net n is obtained. All the terminals in each hyperterminal of net n have been connected by OTC connections. Next, we want to choose net segments to connect all the hyperterminals of net n such that the channel density is minimum. This problem called the net segments selection problem is NP-hard as indicated in [ 8 ] . In the following, we present an efficient heuristic algorithm to solve the problem.
In our method, the required net segments for net n are constructed by selecting a proper subset among all the possible connections. We divide the entire selection process into two steps. The objective of the first step, step A , is to determine a suitable connection interval to represent the connection between each pair of hyperterminals for net n. Let h, and h2 be two hyperterminals of net n. For every terminal n.i in hl and for every terminal n.j in h2, there exists an interval [i, j ] such that it has a chance to be a connection segment for h, and h2. Clearly, if h, contains k, terminals and h2 contains k2 terminals, then there are k , * k2 choices that may connect h, and h2. In consideration of minimizing the channel density, we find the most suitable one among the k l * k2 net segments by the following criteria. Here, we define the span density (a) of an interval as the highest column density of some column that is within the coverage of its span, and we use the same definition for average density (y) as in Section 3.3.1.
1) The interval with minimum a is selected.
2 ) In case of tie in ( l ) , the one with the smallest span is selected.
3) In case of tie in (2), the one with minimum y is selected.
We can prove the following theorem.
Theorem 3.3:
Given an instance I of the net segment selection problem for net n , the selection process in step A can be completed in O ( c 2 ) time, where c is the number of columns in I.
Thus we can conclude that the selection process in step A has the After the corresponding net segment for every two hyperterminals of net n has been identified, we create a weighted complete graph called the connection graph of net n, CG(n) = (V, E, w I , w2, w 3 ) . Each node in Yrepresents a hyperterminal. For every two hyperterminals, there is a corresponding edge in E, and each edge is a possible net segment for connection within the channel. There are three weights, w I , w2 and w3 attached in each edge. The first weight of each edge I, wI (I), is defined as the span density of I, a ( I ) . The second weight, w2 (I), is the span of I. The third weight, wj(Z), is the average density of I, y(Z). For example, when the example shown in Fig. 2 is proceeded to the second iteration, a candidate of net 5 is selected for routing over the upper row of cells. The connection graph corresponding to net 5 is shown in Fig.  7 . Given a net n, since we have to connect all its hyperterminals, we need to find a spanning tree of CG(n). Moreover, since we want to minimize the channel density, the criteria used in step A are applied again to the selection in step B. Thus, the objective of the selection in step B is to find a minimum cost spanning tree of CG(n).
Prim's algorithm is used to solve this problem. It is well known that this algorithm has a complexity of 0 (I v I ' ) where v is the set of vertices, hence we can formally state the following theorem.
Theorem 3.4:
Given an instance I of the net segment selection problem for net n , the selection process in step B can be solved in O ( c 2 ) time, where c is the number of columns in I.
Finally, with the new set of connection intervals for net n, we need to update the column density, d ( i ) for each affected column i with respect to each connection interval of net n. 
The Entire Algorithm of the OTC Routing Phase
Our OTC routing algorithm is summarized in the following.
Algorithm OTC routing;
Input Two rows of terminals on the top and bottom edges of the channel; Output Routing solutions over the upper and lower cells; A new channel to be further routed in the second phase; /* The ending conditions for both algorithms OTC-I and OTC-I1 are as described in Section 3.2.
1. OTC-I: There exists any critical column on which none of the candidates can be selected to be routed over the cells; 2 . OTC-11: All the columns have been marked; in other words, there are no more candidates that can be routed over the cells; */
Step 1. Create the initial connection intervals and the candidates for each net;
Step 2. Check the ending condition. If it is satisfied, then go to Step 7;
Step 3. Select a proper candidate intersected by the critical column and assign it a track number for routing over the cells;
Step 4. Merge the two hyperterminals that contain the terminals corresponding to the selected candidate;
Step 5. Construct the connection graph CG for the net being considered;
Step 6. Find the minimum cost spanning tree of CG using Prim's algorithm tb obtain the connection intervals for that net. Then go
Step 7. Generate a new channel as specified by the connection intervals of each net; L~~~, , cells 2 11 4 1 1 5 3 6 5 6 3 3 hl h4 columnindex: 1 2 3 4 5 6 7 8 9 10 11 columndensity: 2 2 3 2 2 2 3 3 3 I 1 Fig. 7 . The connection graph of net 5 (see Fig. 2 ) at the second iteration of the OTC routing phase.
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Upper Cells , that the fewer the nets left within the channel, the fewer tracks a conventional channel router will need to complete the routing. The results obtained by OTC-I and OTC-11, using the three-layer model are compared in Table 111 . It is very natural that algorithm OTC-I1 uses more tracks over the cells than algorithm OTC-I does, since algorithm OTC-I1 routes as many nets over the cells as it can while algorithm OTC-I stops once it encounters a critical column on which none of the candidates can be routed over the cells. As a result, algorithm OTC-I1 achieves better total density for the channel width than algorithm OTC-I does. We have observed that the density of a column may be changed by the step of routing over the cells and by the step of choosing net segments within the channel. In particular, for the Deutsch's difficult channel, the channel density is reduced from 19 down to 13 by algorithm OTC-I and further reduced to 12 by algorithm OTC-11. This is due to the fact that algorithm OTC-I1 repeats the OTC routing phase many times more than algorithm OTC-I does; thus the condition within the channel can be further improved by algorithm OTC-11, and as a result, the smaller final density may be obtained.
In particular, algorithm OTC-I1 finds a six-track lower bound for the final channel width for Deutsch's difficult channel. It is the best known lower bound for this example. A solution for the Deutsch's difficult channel produced by OTC-I for single layer routing over the cells is shown in Fig. 9 . We have also performed experiments using the same set of Primary I test examples used in [lo] . This is to compare our algorithm with the WISER algorithm presented in [lo] , which makes use of the vacant terminals for the OTC routing. The results produced by OTC-I are presented in Table IV . Again, since our approach reduces the congestion in the channel by routing those net segments on the critical columns over the cells, we obtained results comparable to those produced by the WISER algorithm.
V. CONCLUSION
We have proposed a heuristic algorithm for the over-the-cell channel routing problem. It is simple yet very efficient. Two variations to the algorithm are presented: OTC-I uses the least number of tracks over the cells and OTC-I1 routes as many net segments over the cells as it can to minimize the final channel width. Our experimental results have shown that our algorithms are very fast, on the average the speed is 163 and 4163 times faster than algorithms presented in [8] and [9] . In addition, the effectiveness we achieve is superior to that of these algorithms. Besides, our algorithms can produce the final channel width comparable to those produced by the WISER algorithm 1101 for the Primary-I test examples.
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